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Context: There is little overlap between diabetes diagnosed by glycated hemoglobin (HbA1c) and
blood glucose, and it is unclear which pathophysiological defects are captured when using HbA1c

for diagnosis.

Objective: We examined and compared the relationship between insulin sensitivity and �-cell
function in different subphenotypes of prediabetes and type 2 diabetes (T2D).

Design, Setting, and Participants: A cross-sectional analysis of the Danish ADDITION-PRO study was
performed (n � 1713). Participants without known diabetes were classified into subgroups of
prediabetes and T2D based on fasting or 2-hour glucose criteria or HbA1c. Insulin sensitivity and
insulin release were determined from glucose and insulin concentrations during the oral glucose
tolerance test, and disposition indices were calculated.

Results: Individuals with prediabetes or T2D diagnosed by fasting glucose had lower absolute insulin
release (P � .01) and higher insulin sensitivity in response to glucose intake (P � .01) but a similar
disposition index (P � .36), compared with individuals with elevated 2-hour glucose concentrations.
Individuals with HbA1c-defined T2D or prediabetes had a mixture of the pathophysiological defects
observed in the glucose-defined subgroups, and individuals with normoglycemia by HbA1c had worse
pathophysiological abnormalities than individuals with normoglycemia by the glucose criteria.

Conclusions: On average, the diagnostic HbA1c criteria for diabetes and prediabetes identified
individuals with a mixture of the pathophysiological characteristics found when using the glucose
criteria, but the diversity and pathophysiology captured by the oral glucose tolerance test cannot
be captured when applying the more simple HbA1c criteria. Whether the disease progression and
prognosis will differ in individuals diagnosed by fasting glucose, 2-hour glucose, or HbA1c should
be examined in longitudinal studies. (J Clin Endocrinol Metab 100: 707–716, 2015)

The somewhat controversial term prediabetes covers a
number of high-risk states for developing type 2 di-

abetes (T2D) and cardiovascular disease (CVD) (1, 2). The

most commonly studied subphenotypes of prediabetes are
impaired fasting glycaemia (IFG) and impaired glucose
tolerance (IGT), both of which can appear in isolation
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Abbreviations: BIGTT-AIR, index of acute insulin response; BMI, body mass index; CVD,
cardiovascular disease; DI, disposition index; F-DM, diabetes by elevated fasting glucose
only; F-2h-DM, diabetes by both elevated fasting and 2-hour glucose concentrations;
HbA1c, glycated hemoglobin; 2h-DM, diabetes by elevated 2-hour glucose only; HOMA-IS,
homeostasis model assessment of insulin sensitivity; IFG, impaired fasting glycemia;
IFG�IGT, combination of IFG and IGT; IGT, impaired glucose tolerance; i-IFG, isolated
impaired fasting glycemia; i-IGT, isolated impaired glucose tolerance; ISI0–120, insulin sen-
sitivity index; NGT, normal glucose tolerance; OGTT, oral glucose tolerance test; T2D, type
2 diabetes; VAT, visceral abdominal adipose tissue.
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(i-IFG or i-IGT) or in combination (IFG�IGT). These phe-
notypes are identified by measuring plasma glucose con-
centrations in the fasting state and after an oral glucose
tolerance test (OGTT).

In some individuals, T2D develops as a consequence of
early �-cell dysfunction; in others, the development of in-
sulin resistance precedes defects in the pancreatic �-cells
(3–5). These findings underscore that T2D is not a single
disease entity but rather multiple diseases or phenotypes
with different origins and disease developments. Thus, it
is likely that the heterogeneity observed in the prediabetic
stages is still present when fasting and 2-hour glucose lev-
els increase into the diabetic range. Part of this heteroge-
neity may be explained by differences in overall obesity or
body fat distribution because obesity and especially the
visceral abdominal adipose tissue (VAT) are associated
with insulin resistance (6, 7).

In addition to fasting and 2-hour glucose concentra-
tions, glycated hemoglobin (HbA1c) is now recommended
for diagnosis of prediabetes and T2D (8, 9). HbA1c in the
prediabetic and diabetic range is associated with increased
CVD morbidity and mortality (10–12), and because
HbA1c does not require a fasting sample and has consid-
erably lower variability than the glucose measures, it is
often the preferred test. However, it is not clear whether
the pathophysiological defects present in the distinct fast-
ing and 2-hour glucose-derived prediabetic and diabetic
subphenotypes are captured in the new HbA1c-based pre-
diabetic and diabetic phenotypes. More epidemiological
studies focusing on the heterogeneity of prediabetes and
T2D will increase our understanding of the complexity of
T2D as well as the implications of changing diagnostic
criteria. In combination with smaller metabolic studies,
large-scale epidemiological studies can also contribute to
developing targeted strategies for prevention and treat-
ment of T2D.

The aim of this study was to examine and compare the
relationshipbetween insulin sensitivity and �-cell function in
different subphenotypesof prediabetes and screen-detected
T2D diagnosed by fasting glucose, 2-hour glucose, and
HbA1c criteria. Moreover, we aimed to examine whether
the pathophysiological differences in subphenotypes of
prediabetes and T2D could be explained by differences in
overall and abdominal obesity.

Research Design and Methods

Study population
The ADDITION-PRO study is a longitudinal risk-stratified

cohort study of individuals at high risk for developing T2D. After
participation in a population-based step-wise screening program
in Danish general practice between 2001 and 2006 (13), 16 136

eligible individuals were identified. All individuals with impaired
glucose regulation at screening and a random subsample of in-
dividuals at lower diabetes risk were invited to attend a follow-up
health examination in 2009–2011. Of these participants, 2082
(50% of invited), mainly of white ethnicity (98%), attended (14).

The study was approved by the Ethical Committee of the
Central Denmark Region (journal number 20080229) and was
conducted in accordance with the Helsinki Declaration. All par-
ticipants provided written informed consent before participating
in the study.

Study procedures 2009–2011
After an overnight fast of 8 or more hours, a standard 75-g

OGTT was given to all participants without known diabetes, and
a physical examination was performed. Blood samples were
drawn at 0, 30, and 120 minutes for the assessment of plasma
glucose and serum insulin concentrations.

Information on age and sex was obtained from the unique
Danish civil registration number. Body weight was measured in
light indoor clothing without shoes to the nearest 0.1 kg with a
Tanita body composition analyzer, and height was measured to
the nearest millimeter using a fixed rigid stadiometre (Seca; Med-
ical Scales and Measuring Systems). Clothes were estimated to
weigh 0.5 kg, which was deducted from the total body weight,
and body mass index (BMI) was calculated. Waist circumference
was measured with an unstretchable tape measure to the nearest
millimeter at the midpoint between the lower costal margin and
the anterior superior iliac crest. Abdominal fat distribution was
assessed by ultrasonography according to a validated protocol
on a subset of participants (n � 1463 with complete data) with
the participant in the supine position (Logiq9 ultrasound ma-
chine; GE Healthcare). The transducer was placed on the abdo-
men at the point at which the xiphoid line crosses the waist
circumference. The measurement was performed at the end of a
quiet expiration with minimum pressure of the transducer on the
skin. The VAT was assessed by measuring the intraperitoneal
distance with a 4°C (1.5–4.5 MHz) transducer placed in the
longitudinal position. The distance from the peritoneum to the
spine was measured twice, and the average of the two measure-
ments was used (15). The within- and between-sonographer
coefficients of variation for the VAT were 4.0% or less. The
ADDITION-PRO study is described in detail elsewhere (14).

Classification of subphenotypes of prediabetes
and T2D

We classified all study participants according to the OGTT
[World Health Organization 2006 criteria (16)] as having nor-
mal glucose tolerance (NGT), intermediate hyperglycemia (i-
IFG, i-IGT, IFG�IGT) or screen-detected T2D by fasting glucose
only (F-DM), 2-hour glucose only (2h-DM) or both fasting and
2-hour glucose (F-2h-DM). In addition, all participants were
classified according to their HbA1c levels as having normal
HbA1c, high-risk (prediabetic) HbA1c, or screen-detected T2D
(9) (Supplemental Figure 1). The overlap between the different
diagnostic criteria for prediabetes and T2D is shown in Sup-
plemental Figure 2.

Biochemical measures
All biochemical measures were performed at the Steno Dia-

betes Center (Gentofte, Denmark). Plasma glucose was deter-
mined using the Hitachi 912 system (Roche Diagnostics) or the
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Vitros 5600 system (Ortho Clinical Diagnostics). Based on val-
idation analyses performed at the laboratory at the Steno Dia-
betes Center, all Vitros values (71% of all) were converted to
Hitachi values using the following equation: adjusted value �
(original glucose value � 0.2637)/0.983. There was a high cor-
relation between original and converted values (r2 � 0.9974).
Serum insulin was measured by an immunoassay (AutoDELFIA;
PerkinElmer). HbA1c was measured by HPLC (TOSOH G7).

Calculations
Using plasma glucose and serum insulin levels from the

OGTT, we calculated the insulin sensitivity index (ISI0–120) (17),
reflecting insulin sensitivity after oral glucose intake, and the
homeostasis model assessment of insulin sensitivity (HOMA-IS)
(18), reflecting insulin sensitivity in the fasting state. As a mea-
sure of absolute �-cell function, the index of acute insulin re-
sponse (BIGTT-AIR) was calculated (19). BIGTT-AIR reason-
ably well reflects first-phase insulin release as measured by an iv
glucose tolerance test in individuals with prediabetes (20). Be-
cause the amount of insulin secreted from the �-cells depends on
the plasma glucose levels and the degree of insulin resistance, we
also estimated two different oral disposition indices (DI): one
multiplying BIGTT-AIR with ISI0–120 (DIOGTT) and one multi-
plying BIGTT-AIR with HOMA-IS (DIfasting). The rationale for
calculating both of these indices is that insulin resistance mea-
sured in the fasting state and after glucose intake reflects different
mechanisms. Insulin resistance in the fasting state is mainly re-
lated to the liver, whereas the peripheral tissues play a more
predominant role for insulin resistance measured during an
OGTT; both features are relevant when estimating the DI (21).

Statistical analysis
The present analysis is based on data collected at the fol-

low-up examination (cross-sectional analysis). Participants with

known diabetes (n � 336), those fasting less than 8 hours prior
to the health examination (n � 19), and those who could not be
classified due to missing information were excluded (n � 14),
leaving 1713 individuals for analysis (only 1463 for analyses
including VAT).

To examine differences in characteristics between glycemic
groups, we performed an overall ANOVA, and if significant,
post hoc t tests were used to study pairwise differences. The first
model was adjusted for age and sex; the next included further
adjustment for BMI or VAT, height, and waist circumference.
The ISI0–120, HOMA-IS, BIGTT-AIR, and disposition indices
were logarithmically transformed before the analysis to fulfill the
assumption of normality of the residuals. Statistical analyses
were performed in SAS version 9.2 (SAS Institute). A two-sided
5% level of significance was adjusted for multiple testing with the
method of Benjamini and Hochberg (22) in all pair-wise com-
parisons regarding insulin sensitivity and �-cell function.

Results

Characteristics of the study population
Using the OGTT criteria, more men than women had

i-IFG and T2D (P � .047 for pair-wise differences; Table 1).
Individuals with i-IGT were slightly older than the other
groups (P � .043) except the 2h-DM group (P � .179).
BMI, VAT, and waist circumference were higher in indi-
viduals with T2D and IFG�IGT than in those with NGT
(P � .001), and the F-2h-DM group had the highest BMI
(P � .003), waist circumference (P � .009), and VAT (P �

.028) among all groups.

Table 1. Characteristics of the 1713 Study Participants in the ADDITION-PRO Cohort According to Normal Glucose
Tolerance and Subtypes of Pre-diabetes and Diabetes Defined by the Glucose and HbA1c Criteria

Characteristics n Men, % Age, y
BMI,
kg/m2

Waist
Circumference,
cm

VAT, cm
(n � 1463)

OGTT Criteria
NGT 899 47.9 (44.6–51.3) 65.8 (7.2) 26.1 (4.1) 30.9 (8.2) 7.3 (2.3)
i-IFG 336 63.4 (58.0–68.6)a 66.3 (6.7) 27.8 (4.3)a 31.9 (8.1)a 8.5 (2.6)a

i-IGT 134 47.8 (39.1–56.6)b 68.3 (6.0)a,b 27.3 (4.3)a 33.3 (7.8)a 8.2 (2.7)a

IFG�IGT 162 54.3 (46.3–62.2) 66.3 (6.3)c 29.2 (4.5)a,b,c 35.0 (7.9)a,b,c 8.8 (2.8)a

F-DM 91 64.8 (54.1–74.6)a,c 66.4 (6.5)c 28.7 (5.5)a 32.9 (8.5)a,c 9.3 (3.2)a,b,c

2h-DM 48 64.6 (49.5–77.8)a,c 66.7 (6.4) 29.5 (4.0)a,,b,c 34.3 (8.4)a,b,c 9.9 (3.2)a,b,c,d

F-2h-DM 43 72.1 (56.3–84.7)a,c,d 64.8 (6.2)c 32.2 (5.6)a,b,c,d,e,f 36.2 (8.9) a,b,c,d,e,f 11.3 (2.8) a,b,c,d,e,f

Overall P value �.001 .010 �.001 �.001 �.001
HbA1c criteria

HbA1c � 6.0%
(�42 mmol/mol)

1335 53.0 (50.3–55.7) 66.0 (7.0) 26.7 (4.2) 31.5 (8.2) 7.7 (2.5)

HbA1c 6.0–6.4%
(42–46 mmol/mol)

324 54.3 (48.7–59.8) 67.4 (6.3)g 28.4 (4.9)g 33.3 (8.3)g 8.9 (3.1)g

HbA1c � 6.5%
(�48 mmol/mol)

54 61.1 (46.9–74.1) 64.3 (6.9)h 31.7 (5.4)g,h 36.7 (9.0)g,h 10.7 (3.2)g,h

Overall P value .478 �.001 �.001 �.001 �.001

Data are percentages (95% confidence interval) or means (SD).
a OGTT criteria, P � .05 vs NGT. b OGTT criteria, P � .05 vs i-IFG. c OGTT criteria, P � .05 vs i-IGT. d OGTT criteria, P � .05 vs IFG�IGT. e OGTT
criteria, P � .05 vs F-DM. f OGTT criteria, P � .05 vs 2 h-DM. g HbA1c criteria, P � .05 vs HbA1c less than 6.0%.
h HbA1c criteria, P � .05 vs HbA1c 6.0%–6.4%.
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By the use of the HbA1c criteria, the proportion of men
and women did not differ between groups, but individuals
with prediabetes were significantly older than those with
T2D or normal HbA1c (P � .002; Table 1). BMI, VAT, and
waist circumference were highest in individuals with T2D
(P � .001 for all) but also were higher in individuals with
prediabetic HbA1c compared with the group with normal
HbA1c (P � .001).

Insulin sensitivity and absolute insulin secretion
After adjustment for age, sex, and multiple testing, in-

sulin sensitivity after oral glucose intake (ISI0–120) was not
statistically significantly different between the i-IGT and
F-DM group (P � .093) but differed between all other
groups with the i-IGT and 2h-DM groups having lower
ISIO-120 than the i-IFG and F-DM groups, respectively
(P � .012 for all; Figure 1A). The 2h-DM, IFG�IGT, and
F-DM groups did not differ with regard to insulin sensi-
tivity in the fasting state (HOMA-IS, P � .103; Figure 1B),
but there was a tendency of a difference between the i-IFG
and i-IGT groups (P � .057). All other groups differed
from each other (P � .019) with the F-2h-DM group hav-
ing the lowest HOMA-IS (Figure 1B). In terms of absolute
�-cell function, BIGTT-AIR was significantly lower in in-
dividuals with i-IFG (P � .001) and IFG�IGT (P � .001)
but was higher in the i-IGT group (P � .001) than in the
NGT group (Figure 1, A and B). The diabetic groups with
F-DM and F-2h-DM did not differ with regard to BIGTT-
AIR (P � .505), and those with 2h-DM had BIGTT-AIR
levels comparablewith theNGT(P� .164)and i-IGT(P�

.497) groups (Figure 1, A and B). All other comparisons of
BIGTT-AIR were statistically significant (P � .002 for all).

In general, the group with normal HbA1c seemed to
have lower levels of absolute insulin secretion and insulin
sensitivity compared with those with NGT (Figure 1, C
and D). Within the HbA1c groups, those with prediabetes
had lower BIGTT-AIR than those with normal HbA1c

(P � .001) but higher than those with T2D (P � .007).

Disposition indices
There was a step-wise decline in DIOGTT from NGT to

prediabetes and T2D (P � .001 for all; Figure 2A). How-
ever, DIOGTT was not significantly different when com-
paring i-IFG with i-IGT (P � .599) and F-DM with 2h-DM
(P � .361). All other pair-wise differences in DIOGTT were
statistically significant (P � .003 for all). DIfasting was
lower in i-IFG than in i-IGT (P � .001) and in F-DM than
in 2h-DM (P � .001). In contrast, DIfasting was not lower
in individuals with IFG�IGT (P � .102) or 2h-DM (P �

.214) than in those with i-IFG; but all other differences in
DIfasting were statistically significant (P � .034; Figure 2B).

Compared with individuals with NGT, people with
HbA1c � 6.0% tended to have lower disposition indices
(Figure 2, A and B). Both DIOGTT and DIfasting differed
significantly among all three HbA1c groups (P � .001).

Role of obesity
Figure 3 shows percentage differences in the above

pathophysiological features in the different OGTT and
HbA1c defined subphenotypes of prediabetes and T2D in
relation to those with normal glucose regulation before
and after adjustment for BMI, age, and sex. With the ad-
justment for BMI, the following differences became insig-
nificant: BIGTT-AIR between i-IGT and NGT (P � .069),
HOMA-ISbetweenF-2h-DMandF-DM(P� .191), ISI0–120

between IFG�IGT and i-IGT (P � .124) and between
F-2h-DM and 2h-DM (P � .111). All other differences
remained statistically significant after adjustment for BMI
(and multiple comparisons). By adjustment for VAT,
height, and waist circumference the same differences as
adjustment for BMI became insignificant. In addition, the
differences in HOMA-IS between IFG�IGT and i-IFG
(P � .177) and between 2h-DM and i-IGT (P � .068)
disappeared.

A schematic overview of the differences in absolute
early insulin release, insulin sensitivity, and disposition
indices between groups is presented in Table 2.

Discussion

This study highlights that T2D is not a single disease entity
but rather multiple subdiseases or subphenotypes charac-
terized by different underlying pathophysiological mech-
anisms, starting in the early prediabetic states. Our find-
ings also suggest that the differences in �-cell function and
overall insulin sensitivity between subgroups of individu-
als with prediabetes and type 2 diabetes are not explained
by overall and visceral fat. In addition, we showed that the
newly implemented diagnostic HbA1c criteria on average
identify prediabetic and diabetic individuals with a mix-
ture of pathophysiological characteristics compared with
those found by the glucose criteria. However, the nor-
moglycemic individuals defined by HbA1c have slightly
worse insulin resistance and �-cell function than those
with normoglycaemia by the OGTT.

Subphenotypes of prediabetes
Based on the OGTT criteria, we identified three sub-

groups of prediabetes and three subgroups of T2D, all
with different underlying pathophysiology. Although we
found large variation within each group, the mean differ-
ences between subphenotypes of prediabetes are in align-
ment with previous observations. By use of detailed gold
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standard methods, it has been shown that insulin resis-
tance in the liver is a characteristic of people with i-IFG,
whereas insulin resistance in the peripheral tissues is an
important feature of i-IGT (23–26). Our surrogate mark-
ers of insulin sensitivity in the fasting state (mainly liver)
and during the OGTT (mainly peripheral tissues) support
this notion.

Individuals with i-IFG had reduced early-phase insulin
release compared with individuals with i-IGT, which is
also in accordance with previous findings (23, 24). It has
previously been demonstrated that obese individuals with
i-IFG have a 40% deficit in relative �-cell volume com-
pared with obese individuals with normoglycemia (27).
This observation suggests that the �-cell failure observed
in individuals with i-IFG represents an early process in the

development of T2D, which is not likely to be secondary
to hyperglycemia or insulin resistance. Whether the re-
duction in �-cell function in i-IFG is caused by genetic
factors, chronic low-grade inflammation, amyloid depo-
sition, or other factors (28–30) warrant further studies.

In terms of relative �-cell function, DIOGTT was com-
parable between the i-IFG and i-IGT groups, whereas
DIfasting was lower in i-IFG than in i-IGT, potentially
demonstrating different relative contributions of the liver
and the skeletal muscles in the control of fasting vs post-
OGTT glucose regulation (21, 31, 32). The IFG�IGT
group had a combination of the defects observed in the
isolated IFG and IGT groups but with disposition indices
close to the levels observed in F-DM and 2h-DM, sup-

Figure 1. BIGTT-AIR as a function of ISI0–120 (panels A and C) and HOMA-IS (panels B and D) in individuals with different subphenotypes of
prediabetes and type 2 diabetes based on the glucose (panels A and B) or HbA1c criteria (panels C and D). The thin gray lines show different levels
of the disposition index. Data are medians (interquartile range).
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porting progressive �-cell failure when moving from i-IFG
to IFG�IGT (33).

Prediabetic individuals defined by HbA1c had patho-
physiological defects resembling a mixture of the three
prediabetic groups defined by the OGTT. That HbA1c

reflects an average of the pathophysiological defects cap-
tured by the OGTT-defined groups of prediabetes has also
been found in two Italian studies (34, 35).

Subphenotypes of type 2 diabetes
We hypothesized that the pathophysiological drivers of

elevated fasting and 2-hour glucose concentrations in the

prediabetic states may continue to operate in the diabetic
range. Therefore, we subdivided patients with screen-de-
tected T2D into subgroups based on the fasting and
2-hour plasma glucose levels.

Compared with individuals with i-IGT, diabetic indi-
viduals with isolated elevated 2-hour glucose concentra-
tions (ie, 2h-DM) had the same level of absolute early
insulin release but significantly lower insulin sensitivity in
both the fasting and glucose-stimulated state, resulting in
lower disposition indices. Despite the cross-sectional na-
ture of these results, they indicate that progression from
i-IGT to 2h-DM is characterized by development of insu-

Figure 2. Disposition indices calculated from BIGTT-AIR and ISI0–120 (DIOGTT) (panel A) and from BIGTT-AIR and HOMA-IS (DIfasting) (panel B) in
different groups of prediabetes and type 2 diabetes defined by the glucose and HbA1c criteria. Data are medians (interquartile range).
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lin resistance and a lack of ability to sufficiently compen-
sate by increasing insulin secretion. Recently we showed in
a longitudinal cohort of British individuals that the
2h-DM phenotype was preceded by a steep increase in
2-hour insulin concentration, a decline in insulin sensitiv-
ity, and a stable relative �-cell function (3), supporting our
observations from the present study.

In contrast to the 2h-DM phenotype, F-DM was char-
acterized by significantly reduced �-cell function as com-
pared with i-IFG individuals, both in absolute terms and
in relation to insulin resistance (DIOGTT and DIfasting). In-
dividuals with F-DM also had a significant reduction in
insulin sensitivity as compared with individuals with i-
IFG. Chinese individuals with F-DM were also character-
ized by reduced �-cell function as compared with individ-
uals with i-IFG, whereas whole-body insulin sensitivity

did not differ between people with i-IFG and F-DM (5). In
the longitudinal Whitehall II study, individuals diagnosed
with F-DM had impaired �-cell function up to 18 years
before their T2D diagnosis (3), suggesting that a reduction
in the insulin secretory capacity precedes the development
of peripheral insulin resistance in individuals with isolated
fasting hyperglycaemia. However, more prospective stud-
ies are needed to confirm this hypothesis.

As expected, the F-2h-DM phenotype was character-
ized by worse pathophysiological defects than the groups
diagnosed with isolated fasting or 2-hour hyperglycaemia.
These results are in accordance with other studies (3, 5).
However, most people will progress to F-2h-DM from
either F-DM, 2h-DM, or IFG�IGT and the underlying
pathophysiological defects leading to F-2h-DM may

Figure 3. Relative difference in ISI0–120 (A), HOMA-IS (B), BIGTT-AIR (C), DIOGTT (D), and DIfasting (E) in individuals with different subphenotypes of
prediabetes and type 2 diabetes compared with NGT as well as in individuals with high-risk HbA1c or screen-detected diabetes by HbA1c in relation
to normal HbA1c. Gray lines, Adjusted for age and sex. Green lines, Adjusted for age, sex, and BMI. Blue lines, Adjusted for age, sex, VAT, height,
and waist circumference (n � 1463). Data are medians (interquartile range).
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therefore differ, depending on how far in the diabetes pro-
gression the individual is.

The diversity found within the diabetes subgroups cap-
tured by the glucose criteria cannot be reflected when us-
ing the HbA1c definition of diabetes because this is only
one category. In general, patients with HbA1c-diagnosed
diabetes had insulin resistance and �-cell dysfunction in
the same low range as patients diagnosed by F-DM and
F-2h-DM, suggesting that the cut point for HbA1c of 6.5%
identifies individuals in direct need for therapies to correct
disturbances in beta cell function.

Role of obesity
Because obesity and mainly abdominal fat is an impor-

tant driver of insulin resistance (6, 7), we hypothesized
that part of the differences in insulin sensitivity observed
between the prediabetic and diabetic subphenotypes were
attributed differences in overall and/or abdominal obesity.
BMI or VAT did not explain the differences in ISI0–120

between the i-IFG vs i-IGT or F-DM vs 2h-DM groups, but
differences in HOMA-IS between groups were largely ex-
plained by differences in overall and particularly abdom-
inal visceral obesity. This observation indicates a close link
between fat depots in the abdomen and glucose regulation
in the fasting state, potentially mediated by adipokines
(36). Of interest, adjustment for overall or abdominal vis-
ceral obesity also explained the excessive early insulin re-
lease in the i-IGT group compared with i-IFG. However,
it did not change the differences in disposition indices be-
tween groups, indicating that the effect of obesity is ac-
counted for by taking insulin resistance into account when
estimating in vivo �-cell function.

Fasting glucose, OGTT, or HbA1c for diagnosis?
The availability and practical feasibility of the different

diagnostic tests should drive the decision of which test to

use. Yet our findings show that diagnosis of prediabetes or
T2D based on fasting glucose, 2-hour glucose, or HbA1c

will identify people with a different underlying pathophys-
iology. On average, HbA1c identifies individuals with both
insulin resistance and �-cell function, but HbA1c does not
reflect the heterogeneity of prediabetes and T2D captured by
the OGTT and therefore cannot stand alone if reversal of the
underlying pathophysiology is a treatment goal (32).

Despite the normal absolute insulin secretion in indi-
viduals with 2h-DM, they have the same excess risk of
all-cause and CVD mortality as individuals diagnosed with
T2DbasedonfastingglucoseorHbA1c (37).Onlypartof the
individualswith2h-DM(�42%)willbecapturedbythenew
HbA1c criterion for diabetes (38), and because of the limited
use of the OGTT in clinical practice, many of these high-risk
individuals will remain undiagnosed.

Strengths and limitations
The main strength of this cross-sectional study is the

large number of study participants from whom we have
measurements of circulating glucose and insulin concen-
trations during OGTTs as well as detailed measures of
anthropometry. Because of the large study population, we
used surrogate measures of insulin sensitivity, early insulin
release, and �-cell function. Because fasting and 2-hour
glucose concentrations were included in the calculations
of insulin sensitivity and �-cell function, they partly over-
lap with the classification of prediabetes and T2D by the
glucose criteria. However, in the calculations of ISI0–120

and BIGTT-AIR, also fasting and 2-hour insulin con-
centrations as well as information on body weight was
included, limiting the risk of circular conclusions. More-
over, the pathophysiological defects in prediabetic indi-
viduals observed using surrogate measures of insulin sen-
sitivity and early insulin release correspond well with

Table 2. Overview of the Defects in Insulin Sensitivity and �-Cell Function Observed in the Different Subgroups of
Prediabetes and T2D

Absolute
Early
Insulin
Release

Insulin
Sensitivity
(Glucose-Stimulated
State)

Insulin
Sensitivity
(Fasting
State)

Relative
�-Cell Function
(Glucose Stimulated
State)

Relative
�-Cell Function
(Fasting State)

OGTT definition
NGT Ref. Ref. Ref. Ref. Ref.
i-IFG 22 ↔/2 22 2 22
i-IGT ↔/1 22 ↔/2 2 2
IFG�IGT 2 22 22 22 22
F-DM 222 22 22 22 222
2h-DM ↔ 222 22 22 22
F-2h-DM 222 222 222 222 222

HbA1c definition
HbA1c � 6.0% ↔ ↔ ↔ ↔ ↔
HbA1c 6.0%–6.4% 2 22 22 22 22
HbA1c � 6.5% 22 222 222 222 222

↔, unchanged;2, mildly decreased;22, moderately decreased;222, highly decreased;1, mildly increased; Ref, Reference.
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previous findings in smaller studies using the gold stan-
dard clamp technique as well as an iv glucose tolerance test
(24). This suggests that relatively simple surrogate mea-
sures can be used to estimate pathophysiological defects in
high-risk individuals. How to implement knowledge on
individual pathophysiology in the prevention and treat-
ment of T2D still needs to be determined. Because of the
relatively large day-to-day variation in fasting and espe-
cially 2-hour plasma glucose levels (39) and thereby a po-
tential risk of misclassification, repeated measurements
are necessary before universal or population-specific cut
points for determining, for example, insulin resistance
should be used on an individual level.

The sampling of participants for the ADDITION-PRO
study was predominantly based on glucose tolerance sta-
tus as measured by an OGTT, and not by HbA1c, at a
step-wise screening 5–7 years before the ADDITION-
PRO examination (14). This selection of participants
means that the likelihood of being classified with predia-
betes or diabetes by the OGTT at follow-up was larger
than the likelihood of being classified by HbA1c. There-
fore, the distribution of participants according to the dif-
ferent diagnostic criteria is not representative for the gen-
eral Danish population. There is no reason to believe that
the differences found between groups should not apply to
the general population in Denmark, but our findings need
confirmation in other European and non-European co-
horts and ultimately in longitudinal studies in which the
pathophysiology underlying progression from one glu-
cose tolerance state to another can be determined.

Conclusion and perspectives
In conclusion, the relative contributions of insulin re-

sistance and defective insulin release differ widely between
the prediabetic and diabetic subgroups diagnosed by fast-
ing vs 2-hour glucose concentrations. Individuals diag-
nosed with prediabetes or T2D by elevated fasting plasma
glucose levels had lower absolute insulin release and
higher overall insulin sensitivity than those diagnosed by
2-hour glucose concentrations, although their overall
�-cell function (ie, DI) was comparable. Overall and ab-
dominal obesity partly explained this diversity.

On average, the diagnostic HbA1c criteria for diabetes
and prediabetes identified individuals with a mixture of
the pathophysiological characteristics found when using
plasma glucose criteria, but the diversity identified by the
glucose criteria is not captured when applying the more
simple HbA1c criteria. Our findings confirm that T2D is
not a single disease entity but rather multiple subdiseases
with different characteristics. There is a need for longitu-
dinal studies examining whether disease progression and
prognosis will differ in individuals diagnosed by fasting

glucose, 2-hour glucose, or HbA1c. Moreover, random-
ized controlled trials should clarify whether a treatment
targeting the different phenotypes will prevent the pro-
gression of prediabetes or T2D and reverse �-cell dysfunc-
tion in individuals with early insulin-secretory defects.
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